Breaks are introduced into DNA strands when DNA solutions containing ethidium bromide (EB) are exposed to incandescent light. The nicking rate is sensitive to the concentration of EB and the light intensity. At short exposure times, this rate is limited by photon capture and formation of an intermediate capable of nicking DNA and zero-order nicking kinetics are observed. If the EB is pre-irradiated, the nicking rate is limited by DNA concentration and first-order nicking kinetics are observed. The nicking rate is not greatly affected by the presence of a low frequency of ribonucleotides in the duplex structure. The nicking reaction produces neither double-strand breaks nor interstrand crosslinks. The nicks produced cannot be closed by DNA ligase. The fluorescent light intensities under normal laboratory conditions are insufficient to induce significant nicking.
INTRODUCTION
When DNA solutions containing ethidium bromide (EB) are exposed to incandescent light, scissions in the deoxyribose-phosphate backbone are produced. This reaction has been used as an efficient and convenient procedure for nicking closed circular DNA (1) (2) (3) . However, the conditions needed to generate a specific number of breaks in a particular sample of DNA have not been well defined, nor has the nature of the strand breakage been investigated.
This study examines the variation of the nicking rate as a function of EB concentration, exposure time, and DNA molecular weight, the distribution of breaks in nicked molecules, and the ability of E_. coli DNA ligase to rejoin the breaks. Nicking induced by several types of fluorescent light and nicking in propidium diiodide (PI2) -DNA solutions have also been studied. 
MATERIALS AND METHODS

Chemicals and Enzymes
Isolation of DNA:
14 C labeled PM2 DNA was prepared by growing phage according to Espejo and Canelo (5) . 100 uCi ^C-thymidine, 36 Ci/mol, and 250 mg deoxyadenosine per liter of medium were added 10 minutes before infection. Virus was obtained by centrifuging the cleared lysate at 14,000 rpm for 12 hours, 20°, in a Beckman R15 rotor. DNA was extracted from virions using a 20:1 mixture of chloroform and isoamyl alcohol. 3 H labeled Col El DNA was propagated in E_. coli according to Blair e_t al. (6) . Cultures were grown in defined medium until ODg 5O ^1. 150 mg chloramphenicol, 10 mCi 3 H-thymidine, 50 Ci/mmol, and 250 mg deoxyadenosine were added to each liter of medium. After incubation overnight, Col El DNA was extracted using the method of Clewell and Helinski (7). Ci/mmol, and 250 mg deoxyadenosine were added to each liter of medium. Incubation continued until 0Dg 50 £ 2. DNA was extracted using the method of Clewell and Helinski (7).
Growth of L cells and isolation of mitochondrial DNA (mtDNA) was performed as described by Bogenhagen and Clayton (9) . Cells were grown for four hours in medium containing 1 mCi/1 3 H-thymidine, 50 Ci/mmol. DNA was prepared using the "no gradient" procedure.
Closed circular DNA was obtained from bacterial and mitochondrial lysates by EB-CsCl isopycnic centrifugation. EB was removed from DNA by extraction with isopropanol or by dialysis against or column chromatography with Dowex-50 ion exchange resin. mtDNA was further purified by sedimentation to remove oligomeric forms. DNA was stored in buffers containing 50 mM Tris (pH 8.5), 10 mM EDTA, and 1.0 or 0.1 M NaCl.
Nicking in EB-DNA Solutions: EB-DNA solutions were prepared in a buffer containing 1 M NaCl, 50 mM Tris (pH 8.5), 10 mM EDTA. Unless otherwise specified, the DNA concentrations were less than 10 ug/ml. Solutions in 1 cm x 1 cm quartz cuvettes were stirred by small magnetic bars during irradiation.
Unless otherwise specified, the light source used was a Kodak 850H slide projector. The projector was allowed to warm up for at least 30 minutes before use. The samples were positioned so the distance between the projector lens and the nearest face of the cuvette was 6.5 cm. The light intensity was maximized to a value of 0.12 to 0.13 watts per cm 2 ,
as measured with a Coherent Radiation power meter (model 210). The temperature of the samples did not increase appreciably during irradiation.
The use of fluorescent lights to induce nicking in EB-DNA solutions is described in the Results section.
Nicking Assay: Nicking was assayed by monitoring the conversion of closed circular DNA to relaxed forms. After irradiation, CsCl, fresh EB, and MO ug unlabeled calf thymus DNA were added and solutions were centrifuged at 36,000 rpm, 20°, in a Beckman SW60Ti rotor for at least 36 hours. In most cases, the gradients were processed by dripping 60 ul fractions onto
Whatman GF/A glass fiber filters. When the DNA was needed for further experiments, the gradients were fractionated into glass tubes and 5 or 10 pi aliquots were spotted on filters. The filters were washed with cold 5% trichloroacetic acid, rinsed with 95% ethanol, dried, and assayed for radioactivity using an Omnifluor (New England Nuclear) -toluene scintillation mixture and a Beckman LS-230 scintillation spectrometer.
Alkaline Sedimentation of DNA: DNA was dialyzed into a buffer of 1 M NaCl, 5 mM Tris (pH 8.5), 1 mM EDTA. The sample was concentrated by centrifugation and 5.100 yl were layered on a 5% to 20% sucrose gradient containing 0.1 M NaOH, 0.9 M NaCl, 10 mM EDTA. The gradient was centrifuged in a Beckman SW60Ti rotor at 45,000 rpm, 20°, for 4 hours, and fractionated onto Whatman GF/A filters which were assayed for radioactivity as described above.
Spectroscopy: Solutions containing 1 M NaCl, 50 mM Tris (pH 8.5), 10 mM EDTA and either 50 yg/ml or 6.25 yg/ml EB were placed in quartz cuvettes, overlaid with light oil to prevent evaporation and irradiated with a slide projector as described above. After irradiation, the absorbance spectrum in the visible wavelength region of the 50 yg/ml EB sample was determined using a Cary 14 recording spectrophotometer. The ultraviolet spectrum of the 6.25 yg/ml EB sample was determined using a Zeiss PMQ II spectrophotometer.
Other Procedures: Electron microscopy was performed using a modification of the aqueous technique described by Davis et_ a_l _. (10) . Both the spreading and hypophase solutions contained 100 yg/ml EB. DNA was nicked by X-rays according to the procedure described by Berk and Clayton (11) .
DNase nicking was accomplished using the technique described by Greenfield et^ al_. (12) in a reaction buffer containing 100 pg/ml EB. The ligase reaction was performed as described by Modrich and Lehman (13) . A 100 pi reaction mixture containing 7 units of enzyme and 2 pg of DNA was incubated at 30° for 13 hours.
RESULTS
Kinetics of the nicking reaction: To determine the variation in nicking rate with EB concentration, solutions containing • >» 1 pg/ml closed circular PM2 DNA and various concentrations of EB were irradiated for 30 minutes. The amount of closed circular DNA remaining was assayed as described in Materials and Methods. The results show that virtually no nicking occurs when DNA alone is irradiated ( Figure 1 ). As the EB concentration is increased, the amount of DNA nicked increases rapidly. The amount nicked reaches a maximum at EB concentrations of 40 to 60 pg/ml. As the EB concentration increases further, the amount nicked decreases to a relatively constant value.
To determine the variation in nicking with DNA concentration, samples containing 0.25 pg/ml 14 C labeled PM2 DNA, 0 to 34.5 pg/ml unlabeled DNA from mouse L cell nuclei and 40 pg/ml EB were irradiated for 30 minutes.
The results indicate that the amount of labeled DNA which was nicked increased very slightly as the total DNA concentration increased ( Figure 2 ).
The data shown, from two identical experiments, are representative of the reproducibility of this technique. The differences in the amount of nicking probably result from fluctuations in the intensity of the light source.
To examine the kinetics of the nicking process, samples containing closed circular PM2 DNA and 40 pg/ml EB were irradiated and aliquots were withdrawn for assay at 5 minute intervals. Nicking under these conditions is a zero-order process for at least the first thirty minutes (Figure 3 ).
At significantly higher EB concentrations, there is a short lag period during which the nicking rate is relatively low. The nicking rate increases to an almost constant value after about 15 minutes. The low .initial nicking rate has been observed using a variety of DNA samples, EB concentrations, and light sources. The difference between the initial rate and final rate is especially pronounced when a very powerful light source is used (Figure 4 ).
At longer irradiation times the rate of the reaction decreases and follows first-order rather than zero-order kinetics ( Figure 4 ). We therefore investigated the effect of irradiating the EB solution before addition of the DMA. 80 pg/ml EB were pre-irradiated for 30 minutes. Equal volumes of solutions containing various species of DNA but no EB were added and aliquots were withdrawn at regular intervals for assay. The results in Figure 5 indicate that under these conditions, the nicking reaction obeys first-order kinetics. The data in Figure 5 can be approximated very well by functions of the form f(t) = e" kt , where f(t) represents the fraction of closed circular molecules remaining after t minutes of irradiation and k is the first-order rate constant. Rate constants were calculated using a least-squares fitting algorithm. f(t) versus t curves generated using these constants are superimposed on the data points in Figure 5 .
If all phosphodiester bonds are equally susceptible to scission, the rate constants would be expected to be proportional to molecular weight. Such a relationship is not observed (Table I ). In fact, the pAC133 rate constant is significantly higher than that of LD mt DNA though pAC133 DNA is 20% smaller than LD mtDNA.
Some of the deviations from proportionality may be due to fluctuations in the light source. The rate constant may also be affected by factors which affect the amount of EB bound to DNA. This is supported by the findings of Deniss and Morgan (14) who observed that light and EB caused nicks in DNA with a high negative superhelix density more rapidly than in a more relaxed DNA. It is possible that the G+C content and sequence of the the DNA may also affect the rate constant.
Col El DNA and the mtONAs contain ribonucleotides in their sequences (6, 15) . The ratio of nicking rate to molecular weight is not increased significantly by the presence of these ribonucleotides (Table I) The EB analogue PI2 is widely used in dye-CsCl buoyant gradients. It was important to determine if the nicking rate for PI2 was similar to or different from that of EB. PM2 DNA (-v 1 ug/ml) and PI2 (100 ug/ml) were irradiated with light as in the previous experiments. This concentration of PI2 is equivalent to "^60 yg/ml of EB on a molar basis. However, the nicking rate ( Figure 6 ) in the PI2-DNA solution is two to three times faster than in the EB-DNA solution. Figure 6 -Same as Figure 3 , but using 100 ug/ml PI2 instead of EB.
MINUTES OF IRRADIATION
Since most laboratories are illuminated by fluorescent lights, the ability of fluorescent lights to cause nicking in EB-DNA solutions was examined. Solutions containing ^ 1 ug/ml PM2 DNA and 40 ug/ml EB were placed in quartz cuvettes suspended between two fluorescent lights. Depending on the fixture used, the center of the cuvette was 2.5 or 3.5 cm from the surface of the lights. The solutions were irradiated for two hours and were assayed for nicking. Since the temperature of the solutions increased during this procedure, control solutions containing no EB were also irradiated. The results, shown in Table II , indicate that the extent of nicking in samples containing EB was at most 432 greater than nicking in control samples. These samples were exposed to intense light for two hours. At the lower intensities characteristic of overhead lighting, EB-DNA solutions should be quite stable unless the DNA is very large.
Some properties of the nicked molecules: Partially nicked PM2 DNA was prepared by irradiating DNA for 55 minutes in a solution containing 40 ug/ml EB and was then mounted for electron microscopy in the presence of 100 ug/ml EB. All the molecules examined appeared as relaxed circles or tightly coiled, frequently branched structures. No linear molecules were seen. This indicates that a single nicking event breaks only one of the two DNA strands. Solutions of closed circular PM2 DNA were irradiated with fluorescent light in the presence of 40 yg/ml EB for two hours as described in the text.
The distribution of breaks in nicked molecules was also examined. A solution containing PM2 DNA and 70 yg/ml EB was irradiated until 72% of the molecules were nicked. The nicked forms were collected, EB was removed and the molecules were analyzed by velocity sedimentation in an alkaline sucrose gradient ( Figure 7 , solid line). The fastest sedimenting material (leftmost peak) has the sedimentation properties of single-stranded circles. The material in the largest peak has the properties of linear strands arising from a single break in a PM2 strand. The slowly sedimenting material arises from strands containing more than one nick.
No material sedimented more rapidly than the single-stranded circles suggesting that no interstrand crosslinks are formed by the nicking reaction. In a similar experiment, there was no detectable DNA radioactivity at the interface of a 200 ul, 7 M CsCl cushion at the bottom of the tube. The presence of single-strand circles is further evidence that a single nicking event breaks only one DNA strand and does not cause interstrand crosslinking.
An important aspect of the nicking process is whether molecules once nicked are more (or less) susceptible to further scission events. An appropriate control for this analysis is X-ray nicked DNA. X-ray nicking is a quantitative process which introduces random nicks in DNA. PM2 DNA was treated with X-rays until 742 of the molecules were nicked. The nicked material was analyzed in the same way as DNA nicked by treatment with EB and FRACTION NUMBER, X-RAY NICKED light. The profiles are superimposed in Figure 8 . The circle to linear ratios for the EB-light and X-ray nicked samples are -\-0.5 and ^0.4, respectively, less than the value of 0.74 predicted by a Poisson distribution of scissions. This indicates that additional nicking during sample preparation occurred in both samples. Since it is impossible to prove that the extent of additional nicking is the same in both samples, it is impossible to determine from these data whether the rate at which the first nick is introduced is different from the rate at which subsequent nicks are introduced. The profiles are very similar, indicating that any such differences must be small.
The ability of £. coli DNA ligase to rejoin the DNA breaks generated by irradiation in the presence of EB was tested as follows. A solution containing 14 C labeled PM2 DNA and 100 yg/ml EB was irradiated with a Kodak 850 projector for 30 minutes. The nicked molecules were isolated, EB was removed, and approximately equimolar amounts of the two DNA' s were mixed and incubated with DNA ligase as described in Materials and Methods. The DNA was then centrifuged in an EB-CsCl gradient. 61% of the Col El DNA was isolated as closed circular DNA, but all of the PM2 DNA remained in the nicked form. This indicates that none of the breaks introduced by irradiation in the presence of EB were sealed by DNA ligase.
Irradiation induced spectral changes: It was noted that prolonged irradiation causes color changes in EB-DNA solutions. To quantitate this change, EB solutions were irradiated for various periods of time, after which their spectra were determined (Figure 8 ). Similar changes were observed in EB-DNA solutions.
DISCUSSION
These experiments show that irradiation of EB-DNA solutions provides a fast, easy, nonenzymatic technique for nicking DNA. The nicking rate may be controlled by varying the light intensity or the EB concentration but it is relatively insensitive to variations in DNA concentration. The nicking process does not seem to be affected significantly by the presence of a low frequency of ribonucleotides in the DNA. The nicked molecules exhibit neither double-strand breakage nor interstrand crosslinking. The EB induced breaks cannot be repaired by E_. coli DNA ligase. The fluorescent light sources tested were very inefficient in nicking DNA in the presence of EB. Thus, nicking in EB-DNA solutions exposed to fluorescent room lights is negligible unless the DNA is very large or the exposure time is very long.
The reproducibility of the experiments reported here seems to be limited primarily by fluctuations in the output of the light source. Although this is probably the major factor, other parameters are contributory. For example, two experiments were performed to determine the rate constants of LD and LA9 mtDNAs. In each experiment, cuvettes containing the two species of DNA were held side by side and were irradiated simultaneously. The results of one experiment indicated that the rate constants of LD and LA9 mtDNAs were 0.15 min" 1 and 0.066 min' 1 respectively. The other experiment indicated that the constants were 0.11 min" 1 and 0.066 min" 1 .
Deniss and Morgan (14) found that the nicking reaction involves an unknown intermediate, the formation of which is dependent on the presence of oxygen. They also found that the rate of nicking of closed circular DNA depends on its superhelix density and reported that irradiation causes spectral changes in EB-DNA solutions. These workers used rather low EB concentrations in their experiments (< 10 yg/ml) and therefore their kinetic data may not be comparable to those presented here.
The results reported here can be interpreted in a manner consistent with the findings of Deniss and Morgan. The zero-order kinetics in Figures 3 and  4 indicate that under these conditions, the rate limiting steps are capture of a photon and formation of the intermediate. The low initial nicking rate at higher EB concentrations, illustrated in Figure 4 , may reflect the initial lack of the intermediate. When DNA is added to a solution of pre-irradiated EB, the nicking reaction exhibits first-order kinetics, indicating that the DNA concentration is the limiting factor in the nicking reaction. It also indicates that free EB can catalyze the formation of the intermediate and that the intermediate builds up to a steady-state level.
The nicking rate increases slightly with DNA concentration (Figure 1 ). This may indicate that intermediate formation is catalyzed more rapidly by bound EB than by free EB. Deniss and Morgan reported that at low EB concentrations intercalated EB was responsible for cleavage. At high EB concentrations, nicked DNA binds more EB than closed circular DNA. This predicts that the rate at which the first nick is introduced into a closed circular molecule should be less than the rate at which subsequent nicks are introduced. Such an observation was made in a preliminary report of this work (19) and was based on an analysis involving the ratio of intact circular strands which had been nicked once. This is consistent with the above observation (14) . The ratio was determined from an alkaline velocity sedimentation experiment such as that shown in Figure 7 . The results of such an analysis are valid only if no further nicking occurs during the handling of the DNA in preparation for the alkaline sedimentation analysis, and this condition has not been met.
Irradiation of EB solutions causes long lived spectral changes in those solutions (Figure 8 ), suggesting that light induces a reaction which modifies EB. It is possible that this reaction involves the same intermediate as the DNA nicking reaction. If so, the decrease in nicking rate with increasing EB concentration at EB concentrations over 70 yg/ml (Figure 2 ) may be the result of a competitive reaction in which the intermediate attacks unmodified ethidium rather than DNA.
